NF-B has been implicated in
Although the upstream receptor remains uncertain, downstream NIK signaling leads to marked activation of the IB kinases (IKKs) (3) , which phosphorylate IB␣, leading to its rapid ubiquitination and degradation in the 26 S proteasome. Inactive NF-B/⍜B may continuously shuttle between the cytoplasm and nucleus; however, degradation of IB␣ allows DNA binding by the liberated NF-B complex and promotes target gene expression (4 -11) . NF-B plays a key role in cytokine and growth factor signaling, serving to regulate the expression of a panoply of genes that mediate inflammatory, anti-apoptotic, and proliferation/differentiation signaling (12, 13) .
The function of NF-B in the nervous system remains poorly understood. NF-B induction is associated with central nervous system lesions in such diverse diseases as Parkinson's (14), Alzheimer's (15) , AIDS dementia (16) , and spinal cord injury (17) . This activation may be principally a protective response by the host to enhance resistance to neuronal insults and modulate synaptic plasticity (18) . Mice lacking the NF-B family member p50 are more sensitive to kainic acid-induced excitotoxicity (19) . Blocking NF-B activation increases the sensitivity of neuronal cells to apoptosis induced in response to reactive oxygen species and TNF␣ (20) . The involvement of NIK in the central nervous system is revealed by a naturally occurring autosomal recessive mutation in the alymphoplasia (aly) allele of mice. Aly mice contain a point mutation in the carboxyl terminus of the NIK gene that affects its ability to interact with TNF receptor-associated factors (2) . These mice are immunodeficient because of a lack of lymph nodes but also develop progressive neurological abnormalities leading to hind limb paralysis (21) . Interestingly, the gene encoding human NIK maps to chromosome 17 and more specifically to a locus associated with frontotemporal dementia and parkinsonism (22) . Here we describe a series of studies examining intracellular signaling and responses in PC12 cells engineered to inducibly express NIK. PC12 cells are useful for the study of signaling events associated with neuronal survival, proliferation, and neuritogenesis (23, 24) . We demonstrate that the ecdysone-induced expression of kinase-proficient but not -deficient NIK promotes neurite formation, involving activation of the IKK and MAPK pathways.
EXPERIMENTAL PROCEDURES
Expression Vectors and Cell Culture-The expression vectors encoding IB␣ S32A/S36A (SS/AA) and the dominant-negative Shc (Y239F/ Y240F/Y317F) mutant have been described elsewhere (25, 26) . Ecdysone-responsive (EcR) PC12 cells stably expressing WT Myc-NIK and kinase-deficient Myc-NIK (K429A/K430A) under the control of the ecdysone-inducible pIND vector (Invitrogen) were selected with hygromycin (Life Technologies, Inc.). Parental PC12 EcR cells and those stably transfected with the pIND Myc-NIK constructs were cultured in Dulbecco's modified Eagle's medium supplemented with 10% horse serum, 5% fetal bovine serum, and 1% penicillin/streptomycin (Life Technologies, Inc.) at 37°C in a humidified atmosphere with 5% CO 2 . Cells were treated as indicated with ecdysone (5 M) (Invitrogen), murine TNF␣ (20 ng/ml) (Sigma), mNGF (50 ng/ml) (Sigma), and the MEK1 inhibitor, PD98059 (50 M) (New England Biolabs).
Immunoprecipitation and Immunoblotting Analyses-EcR WT NIK PC12 cells, EcR kinase-deficient (KD) NIK PC12 cells, and parental EcR PC12 cells were stimulated with ecdysone (5 M) for 24 h. The cells were washed with phosphate-buffered saline and lysed in eukaryotic lysis buffer (1% Nonidet P-40, 50 mM HEPES, pH 7.4, 250 mM NaCl, 5 mM EDTA, 10% glycerol, 0.5 mM DTT, 2 g/ml aprotinin, 1 g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride). Cleared lysates were incubated with agarose-conjugated anti-myc rabbit polyclonal antibodies (Santa Cruz Biotechnology), and bound material was analyzed by SDS-PAGE, transferred to PVDF membranes, and immunoblotted with anti-myc antibodies.
Reporter Assay-Approximately 2.5 ϫ 10 5 PC12 cells per well in six-well dishes were transfected with Lipofectin (Life Technologies, Inc.) and a luciferase reporter plasmid DNA containing B, AP1, CRE, or serum-response element (SRE) enhancer elements (Stratagene). After the indicated treatment and lysis in eukaryotic lysis buffer, luciferase activity was measured with the enhanced luciferase assay kit and a Microbeta 1450 Trilux luminescence counter (Wallac Company). All transfections included the pRC-␤-actin LacZ plasmid to normalize for differences in gene transfer efficiency.
Apoptosis Assay and PC12 Cell Differentiation-Cleavage of genomic DNA occurring during apoptosis was detected in TUNEL assays with terminal deoxynucleotidyl transferase, which catalyzes the polymerization of nucleotides to free 3Ј ends of DNA in a template-independent manner. Fluorescein labels incorporated in nucleotide polymers were detected and quantitated by fluorescence microscopy (in situ cell death detection kit; Roche Molecular Biochemicals). PC12 cell differentiation and survival was measured by plating cells onto collagen-coated eightchamber glass culture slides (Falcon), and the percentage of cells with neurite processes greater than two cell bodies in length were counted after relevant treatment.
Kinase Assay-EcR WT NIK PC12 cells, EcR KD NIK PC12 cells, and parental EcR PC12 cells were stimulated with ecdysone (5 M) for 24 h and lysed in eukaryotic cell lysis buffer. Lysates were immunoprecipitated with rabbit polyclonal anti-IKK␣ (H744, cross-reactive with IKK␤; Santa Cruz Biotechnology) and protein A-Sepharose (Amersham Pharmacia Biotech). The immune complexes were washed three times in lysis buffer and once in kinase buffer, resuspended in 20 l of kinase buffer (20 mM HEPES, pH 7.4, 2 mM MnCl 2 , 10 mM MgCl 2 , 25 mM glycerol-2-phosphate, 0.1 mM Na 3 VO 4 , 4 mM NaF, 1 mM DTT, 20 M ATP), and incubated with 5 Ci of [␥-32 P]ATP (6,000 Ci/mmol) and 1 g of recombinant GST-IB␣ (1-62) as an exogenous substrate. After incubation at 30°C for 30 min, the kinase reactions were terminated by the addition of SDS-PAGE sample buffer. The samples were analyzed by SDS-PAGE, transferred to PVDF membrane, and exposed to hyperfilm (Amersham Pharmacia Biotech). The membranes were subsequently immunoblotted with anti-IKK␣ to determine the relative amount of immunoprecipitated kinase. Activated MEK1 was measured by immunoblotting with an anti-phosphorylated MEK1/2 antibody (New England Biolabs). Expression of this kinase was measured by blotting with anti-MEK1 antibody (Santa Cruz Biotechnology).
Electrophoretic Mobility Shift Assay-Nuclear extracts were prepared, and electrophoretic mobility shift assays were performed with a consensus B oligo (GGGGACTTTCCC) as a probe (Santa Cruz Biotechnology).
Atlas cDNA Array-Atlas 1.2 cDNA arrays (CLONTECH) were used according to the manufacturer's protocol to assess the changes in gene expression in EcR WT NIK PC12 cells that were untreated or treated with ecdysone (5 M) for 18 h. Probes are synthesized by reverse transcribing 1 g of each RNA population using the cDNA synthesis primer mix and ␣-32 P. Each radioactively labeled probe mix (1 ϫ 10 6 cpm) is then hybridized to separate Atlas arrays. After high stringency washes the hybridization pattern can be analyzed by autoradiography and quantitated by phosphorimaging.
RESULTS AND DISCUSSION
To examine the effects of NIK, a potent upstream inducer of NF-B, on the survival and differentiation of PC12 cells, we prepared PC12 cells containing a stably integrated, EcR kinase-proficient (WT) or KD NIK expression plasmid. NIK ex- 
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pression was not detected under basal conditions; however, the addition of ecdysone (5 M) to either the EcR WT NIK PC12 cells or the EcR KD NIK PC12 cells readily stimulated the expression of these gene products. As expected, the lysates from the parental EcR PC12 cells did not inducibly express NIK (Fig. 1A) .
To assess the ability of the inducibly expressed WT and KD NIK proteins to activate NF-B in PC12 cells, we transiently transfected a B-luciferase reporter plasmid together with a ␤-galactosidase expression plasmid to normalize for differences in transfection efficiency. The EcR WT NIK, EcR KD NIK, and parental EcR PC12 cells were then stimulated with ecdysone (5 M) for 24 h. Expression of WT NIK increased activity of the B-luciferase reporter approximately 20-fold. Ecdysone did not increase luciferase activity in EcR KD NIK or parental EcR PC12 cells (Fig. 1B) .
Although some nucleo-cytoplasmic shuttling may occur, NF-B present in complexes with IB predominantly resides in the cytoplasm. After cellular stimulation and activation of the IKKs, IB is phosphorylated, ubiquitinated, and rapidly degraded by the 26 S proteasome, freeing NF-B for DNA binding in the nucleus (4 -11, 27-30) . We stimulated EcR WT NIK PC12 cells, EcR KD NIK PC12 cells, and parental EcR PC12 cells with ecdysome (5 M for 24 h) and measured the activity of the endogenous IKK complex in in vitro kinase assays using GST-IB␣ (1-62) as an exogenously added substrate. IB␣ phosphorylation was substantially increased in WT NIK cells, but not in the KD NIK or parental PC12 cells (Fig. 1C) . Consistent with these results, we demonstrated that nuclear extracts from EcR WT NIK PC12 cells stimulated with ecdysone for 6, 18, and 24 h display B-DNA binding activity at the latter two time points (Fig. 1D) . This slow and sustained response presumably reflects the kinetics of NIK protein synthesis following ecdysone stimulation.
Growing evidence indicates that NF-B exerts anti-apoptotic effects in neuronal cells and that a blockade of NF-B activation is frequently associated with increased apoptosis (31) (32) (33) (34) (35) . We assessed whether the induced expression of NIK could prevent apoptosis occurring in response to serum starvation. Apoptosis was measured using the TUNEL assay. EcR WT NIK and EcR KD NIK PC12 cell lines were cultured in the presence or absence of ecdysone (5 M) for 24 h and then incubated for 24 h in medium containing 1% horse serum (Fig. 2) To explore whether neurite formation depended on NF-B, we transiently cotransfected EcR WT NIK PC12 cells with expression plasmids encoding a nondegradable IB␣ mutant (IB␣ SS/AA), green fluorescent protein (GFP) to mark transfected cells, and a B-luciferase reporter to assess the completeness of NF-B inhibition by the IB␣ mutant (Fig. 3) . IB␣ SS/AA inhibited neurite formation by nearly 50% (left panel) under conditions that completely suppressed B-luciferase induction (right panel). These results suggest that NF-B plays a role in neurite formation but that other factors and pathways must be involved, as well.
Because NF-B induction may lead to NGF production (36, 37), we considered the possibility that NIK differentiates PC12 cells by an autocrine mechanism. However, transient expression of a dominant-negative Shc analogue (Shc YYY/FFF) failed to block WT NIK-mediated neurite formation even though it effectively inhibited NGF-stimulated differentiation (data not shown). Additionally, pretreatment of EcR WT NIK PC12 cells with anti-NGF antiserum had no effect on WT 
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NIK-mediated neurite formation, and transfer of conditioned medium from NIK-expressing cells to new cultures failed to induce differentiation (data not shown). Together, these findings argue against an autocrine mechanism of NIK action involving the induced secretion of NGF. Several transcription factors have been implicated in the differentiation of PC12 cells, including Fos, Jun, Elk, and CREB (38) . Fos and Jun form homo-or hetero-dimers and bind to AP1 sites, Elk binds to SRE, and CREB is able to bind to CRE sites (39) . To assess the involvement of these signaling pathways in WT NIK-mediated differentiation of PC12 cells, we tested the ability of WT NIK to activate AP1-, CRE-, or SRE-luciferase reporter plasmids. In addition to activating NF-B, ecdysone (5 M for 24 h)-induced WT NIK expression also activated the SRE-luciferase reporter, suggesting involvement of the MEK1 pathway (Fig. 4A) . Conversely WT NIK expression did not activate AP1-luciferase and stimulated minimal CRE-luciferase activity. As expected, stimulation of PC12 cells with NGF (50 ng/ml for 24 h) activated all three pathways, and TNF␣ (20 ng/ml for 24 h) stimulation produced an AP1-luciferase response but failed to enhance CRE-or SRE-luciferase activity.
To explore the pathway leading to SRE-luciferase activation, we tested the ability of a dominantly interfering Shc mutant (YYY/FFF) to block NIK-and NGF-induced SRE-luciferase activity. This Shc mutant failed to inhibit the NIK response but significantly attenuated the NGF response (Fig. 4B) . Of note, pretreatment of WT NIK PC12 cells with the MEK1 inhibitor PD98059 markedly inhibited both WT NIK-and NGF-mediated activation of SRE-luciferase activity.
To further test the involvement of MEK1 in the WT NIK response, we used a phospho-specific MEK1 antibody to monitor activation of this kinase (Fig. 4C) . Induction of WT NIK expression led to phosphorylation of MEK1, and this response was blocked by the MEK1 inhibitor PD98059 (5 M for 1 h). Probing the blot with anti-MEK1 confirmed equal loading of the lysates.
MEK1 activity has been shown to be necessary and sufficient for PC12 cell differentiation (40, 41) . Therefore we tested whether MEK1 activation is required for WT NIK-mediated PC12 cell differentiation; we pretreated EcR WT NIK PC12 cells with PD98059 (50 M) for 1 h before stimulation with ecdysone for 24 h. PD98059 effectively blocked differentiation of PC12 cells expressing WT NIK (Fig. 4D ). These observations suggest that NIK acts downstream of Shc and upstream of MEK1. Because the activation loop sequences found in IKK␣, IKK␤, and MEK1 are quite similar in structure, each might serve as a substrate for NIK (42) . These data indicate that NIK exerts a broader range of effects than previously suspected, activating both the IKK complex and MEK1.
We next surveyed WT NIK-mediated gene expression in PC12 cells using an Atlas cDNA array. Labeled cDNA probes from unstimulated EcR WT NIK PC12 cells and those treated with ecdysone for 18 h were hybridized to an Atlas 1.2 rat cDNA array, containing 588 different cDNAs. The genes upregulated in response to NIK expression in PC12 cells included IB␣, cyclin D3, GST, and the neuronal acetylcholine receptor protein (Table I) . These data provide potential insights into the underlying mechanism by which NIK modulates signal regulation, cell-cycle progression, survival pathways, and neuronal cell function.
Together, our findings raise the possibility that defective NIK function in Aly mice contributes to the progressive neurological degeneration observed in these animals. We hypothesize that cells from these mice do not respond normally when exposed to a ligand capable of activating NIK. In the absence of NF-B to prevent neuronal apoptosis and the neuronal differentiation signals generated via both IKK-and MEK1-dependent pathways, these mice may develop progressive neurological deficits. A complete analysis of the neurological defect in the aly animals is currently underway.
